INTRODUCTION
The invention of the scanning tunneling microscope 1 opened the door for researchers to probe the surface of objects at the nanoscale. Further development of the probe based technique allowed for nonconductive surface imaging using atomic force microscopy (AFM). 2 A customization of the AFM replaced the laser feedback system of maintaining sample-probe distance with a quartz tuning fork, resulting in a shear force microscopy (SFM) 3 method. Due to the high Q-factor (sensitivity) and small footprint, tuning fork oscillators have found applications in many forms of microscopy, including magnetic force, 4 , 5 ultrasonic, 6 low-temperature, 7 and in situ liquid 8 imaging. The introduction of tuning fork based feedback scanning force microscopes has allowed for an increased sensitivity over previously used bimorph lateral scanning for near-field microscopes [9] [10] [11] and has thus reduced optical resolutions to tens of nanometers. We employ the tuning fork oscillator method in our design due to the high degree of flexibility and sensitivity.
Traditional optical imaging suffers from diffraction which, according to Abbe's theory, limits the spatial resolution of traditional light microscopes to ∼λ/2. With the use of pinhole apertures, a confocal technique can be used to improve the resolution to ∼λ/3. A comparable increase in resolution is also obtainable with two-photon excitation (TPE) methods. 12 Advances in far-field super resolution fluorescence methods have further reduced optical resolutions. [13] [14] [15] [16] [17] In addition to fluorescence, polarization information can be analyzed to determine index of refraction differences and a) Author to whom correspondence should be addressed. Electronic mail:
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magnetic Kerr polarization rotation in magnetic samples imaged in reflection mode. 18, 19 The microscope design allows for all of these methods with the use of the far-field components described herein.
Ultra-high near-field resolutions can be obtained by integrating the scanning probe and far-field optical components. A more complex form of the microscope design presented here demonstrates apertureless near-field microscopy using an epi-illumination mode of probe tip excitation. [20] [21] [22] [23] The acronym TENOM (tip enhanced near-field optical microscopy) has been assigned to this type of near-field imaging. 24 The imaging probes are electrochemically etched and then tailored using a focused ion beam 25, 26 to create geometries that are optimal for high field enhancement with TPE molecular fluorescence, tip enhanced Raman scattering and other forms of nonlinear imaging. 22, [27] [28] [29] The development of the described system was motivated by the need for an optical/topographic imaging system with more versatility in both software and hardware than has typically been available. Most commercial systems tend to be black boxes that can be modified with some limited scripting. The system described here has high photon sensitivity and is completely configurable, both in hardware and software, with simple off-the-shelf adaptability and LabVIEW programming. Additionally, this system performs far-field and near-field techniques with single molecule detection capabilities and is affordable by most laboratories. design, the spatial XY movement and controls must allow for nanometer to sub-nanometer precision. Due to the small interaction volume (∼30 nm diameter) of the localized imaging field, the Z motion of the probe must also be carefully controlled within only a few nanometers of the surface. This level is necessary in order to properly illuminate and scan the sample without tip or sample damage. The mounted tuning fork imaging probe is set within a few nanometers above the sample surface through constant height feedback scanning, while maintaining alignment within the diffraction limited illumination spot. The core of the SFM is a low cost data acquisition card (NI 7833R) with an FPGA processor (Xilinx), integrated digital to analog converters (DACs) and analog to digital converters (ADCs), digital I/Os (DIO), and direct memory access (DMA) transfer capabilities, outlined in Figure 1 The analog requirements for the detection of phase and amplitude from the AFM tuning fork, along with the high voltage requirements for the positioning piezos, are designed on printed circuit boards (PCBs). The controller circuit boards are designed to be modular, outlined in Figure 2 , allowing for easy future design revisions and upgrades. All of the PCBs were developed in the freely available software package PCB123 (v2 and v4), developed by Sunstone Circuits (Mulino, OR). Careful design was necessary to isolate high speed digital communication from analog voltages, including power supply filtering, ferrite beads, ground planes and paths, and routing of signals on the circuit board. 30 PCBs are of four layers, providing flexibility in routing so that one plane is reserved as a solid ground plane, with a common star ground on the main power supply. The digital and analog components are isolated from one another whenever possible by separating the ground layers.
Piezos are driven with high voltage (HV) operational amplifiers (PA88) from APEX Microtechnology (Cirrus Logic). 32 The high voltage op-amps are configured in a bridge circuit using a gain amplifier and a unity gain inverter. In this arrangement, the output voltage swing is twice that of a single amplifier, and the slew rate is also doubled. In the bridge configuration, the PA88 differential voltage output is 600 V with a slew rate of 4 V/ms. 33 The microscope design can independently control five piezos, simultaneously.
A high-resolution versatile scan algorithm is used to drive the PA88s or third-party piezo control systems (Figure 3) . Two DACs are used: one that applies a static voltage offset, and one that applies the raster scanning voltage. These are summed together using an OP471 op-amp. The scanning output is sent to a programmable voltage divider (Analog Devices AD5290) to adjust the scan size while maintaining resolution. The AD5290 IC has 256 possible divisions of resistance, lowering the theoretical scanning resolution to 6 pm per DAC division.
The tuning fork is electrically driven 34, 35 with a direct digital synthesizer (DDS) oscillator at or near resonance. The DDS (AD9835) allows for precise frequency control within 0.01 Hz. A MESFET (NXP-BF992) configured as a source follower preamplifier is placed in close proximity to the tuning fork with a gain of ∼10 6 . The signal is further amplified with two operational amplifiers (AD8672) for a combined gain of 10 3 . The signal is split to a rms detector (AD637) to detect amplitude 36 and a high-speed comparator circuit to determine the phase in relation to a reference from the DDS. The phase detector is used as the feedback signal for the proportional integral differential (PID), creating a phase lock loop. [37] [38] [39] [40] The slow response of the amplitude is used only for resonance tuning. Figure 4 shows the logic of the phase detection circuit, based on a high-speed comparator (Linear Technologies LT1712) compensated for hysteresis, combined with a four-quadrant analog multiplier (AD633) and a fourthorder low pass filter (LTC1563). Figure 5 shows the output of the amplitude and phase measurements. One must take care not to implement phase demodulation chips with GHz capable ranges as prototyping with this device demonstrated noise complications from interference with cellular phone frequencies and will directly affect the feedback signal.
A stepper motor with a modular gearbox is used as a coarse approach guide to place the tip onto the sample surface. The motor is run with a quarter step routine using programmed logic in the FPGA with four DIO ports, optocoupled (Vishay TCMT4100) to TIP31 high current transistors. The FPGA controls the approach by extending the Z-piezo until the surface location is determined.
MECHANICAL DESIGN
The design of the optical pathways for the microscope system is based on a custom inverted optical microscope. The design allows for the incorporation of an SFM scan head while maintaining a simplified optical system. Due to the sensitivity of SFM imaging, the height of the microscope is kept to a minimum. The system base parts were manufactured from cast iron, stainless steel, and aluminum. The main reason for this choice in materials is ease of manufacture, allowing researchers to machine the parts themselves. This material selection is not the optimum for the SPM requirements, but with careful machining and design, it is possible to place the sensitive locations of the microscope in the center of most parts. This allows for the radial expansion and contraction to be minimized at those locations. [41] [42] [43] The microscope was carefully designed so that the custom machined components would fit compatibly with thirdparty parts while maintaining simple dimensions. Figure 6 shows all the major parts of the microscope. The inverted The saturation of the phase at ±75 o is an artifact of the phase detector in using the full dynamic range of the ADC. The phase region after 32 737 Hz is an artifact of the return signal (outside of resonance region) being too low for comparison. The amplitude demonstrates a quality factor of ∼7000 for a bare tuning fork in ambient conditions, with asymmetry due to the parasitic capacitance of the tuning fork. microscope base is built on an optical breadboard (Thorlabs MB1218) and is supported by four stainless steel posts (Thorlabs P8). These posts support the custom baseplate, backplane, and X Y piezo scan bed (Physik Instrumente P733.2CL). An X Y Z scan bed would be advantageous, as the Z translation could be used to help maintain proper vertical focus (not used in the presented design). The excitation laser is guided to a dichroic filter by a periscope which consists of two mirrors at 45
• to the laser incidence and orthogonal to each other, one mounted to the breadboard and one to the underside of the baseplate (Thorlabs KM100, MA45-2, PF10-03-P01; Melles Griot 07 TXS 223). The excitation and collection optics are mounted under the baseplate using Thorlabs 30 mm cage system parts. The objective lens is focused with a Z translator (Thorlabs SM1Z), followed by a cube to hold a dichroic filter (Thorlabs C4W, B1C, B4C, B5C). The collection pathway continues down to a 45
• steering mirror (Thorlabs KCB1, PF10-03-P01) that redirects the light to an 8:92 beam splitter (Thorlabs CM1-BP108), where 92% of the light is passed through emission filters to be fiber coupled (Thorlabs K6X, F810SMA-543). The remaining 8% is focused with a tube lens (Thorlabs AC254-200-A) and allowed to pass through a 50:50 beam splitter (Thorlabs CM1-BS013). One path leads to a magnifying lens (Thorlabs AC254-40-A) to a CCD camera (KPC-S500B) to view the sample surface. The other path has a Bertrand lens system (Thorlabs AC254-50-A, A375TM-A) to view the bottom of the scan head. All of the optical pathways are enclosed in tubes (Thorlabs SM1L30, SM1L10, SM05L10) to minimize stray light. The optical pathways are optimized for infinity corrected objective lens but could be rearranged for older style objective lenses. 44 The custom scan head is held above the objective lens with a custom backplane and a translation stage (Thorlabs LNR50). The vertical movement of the translation stage is controlled by a stepper motor (Oriental Motor PK243B1A-SG36) mounted to a lead screw (Universal Precision Lead Screw and Side Arm Cartridge Assembly, 1/2 in. diameter, 1/4 in. lead, 2 in. travel). The scan head design includes a low power, adjustable laser pointer, a steering mirror, a tuning fork preamplifier circuit board, and a miniature CCD camera, shown in Figure 6 . The piezo stack (Newport MFM-075 Flexure Stage; X-Y segmented and Z tube piezos -Boston Piezo Optics) is placed in the center of the aluminum scan head to minimize the effects of scan drift due to thermal expansion of the aluminum. The laser pointer (Thorlabs CPS198) and CCD (KPC-S500B) are used to align the probe into the focused laser spot from the objective lens in the inverted microscope, shown in Figure 6 . It should be noted that the laser pointer was originally intended to illuminate the end of the probe; when the probe was near the diffraction limited spot, the diffraction pattern for the tip would give an approximation of the location of the end tip of the probe. It was 
(1) Microscope System (2) Microscope discovered that side illumination of the tip with multiple LEDs would provide adequate shadowing of the tip when viewed from below. The current design has two LEDs mounted on the CCD camera, and could be modified to integrate an AFM cantilever optical feedback system on the microscope, which would require laser and mirror components and the addition of a quadrant photodiode.
SOFTWARE ALGORITHMS
The computer automation of the microscope system has two independent layers of computer processing. The FPGA comprises the first layer, running all the core logic and automated routines that require autonomy from the Windows OS: oscillator tuning, data acquisition scan, approach, and the PID algorithm. The second layer is the user interface that runs the graphical user interface (GUI) that interacts with the FPGA program to control the microscope. The second layer requests information from the FPGA to display and save incoming data, allowing the user to change parameters in real-time in a Windows operating system environment, outlined in Figure 7 . The programming environments used for the development of the microscope are National Instruments LabVIEW versions 8.2 to 2010.
The FPGA runs a digital proportional-integraldifferential feedback loop that controls the Z piezo. National Instruments provides an FPGA PID control toolkit that includes a discrete PID algorithm. A slight modification to the PID algorithm provided functionality at the bandwidths needed for scanning probe microscopy. The initial difficulty with the NI PID algorithm was a lack of dynamic range in the integral term, causing this term to dominate at even the smallest of values. This made it difficult for the system to maintain surface displacement over areas with small (<10 nm) topographic features, such as mica. A change to the internal code reduced the responsiveness of the integral term, 45 multiple sub-routines that are interacting with each other. The highest level of the algorithm is the raster scan generator. The raster scan creates a trace and re-trace line in the X axis for each pixel depth in the Y axis. Figure 8 shows a dashed line that represents the raster scan path of the probe. The raster scan is composed of two triangle waveforms that are generated in real-time as the probe scans. A linear interpolation function is used in conjunction with Boolean flags to determine if the scan is in a trace, re-trace, up, or down parts of the waveforms. The X axis and Y axis are generated from the same algorithm, with the Y axis function slowed to create a longer period than that of the X axis. The two scanning waveforms are synchronized to start simultaneously by the FPGA. The data collection during the scan is handled by three routines that are continuously checking for the start, midpoint, and end of pixel conditions, while calculating the new values for the next pixel. The start pixel routine and the midpoint pixel routine check every clock cycle of the FPGA in a single cycle timed loop for the value that defines the start pixel or midpoint pixel from the linear interpolation waveform function in real time for the X axis. Since the scan waveforms can only update once per clock cycle, this guarantees that values in the waveform will not be missed. The start pixel routine will also handle the DMA transfer for the pixel information, photon counts, topographic, feedback error, current Y line, and X pixel. Based on the current direction of the microscope (trace, re-trace) and the number of imaging pixels, the FPGA will calculate the next pixel parameters (start, stop, and midpoint) in real-time, based on the current location of the imaging probe in the scan waveform algorithm. Any Windows request to move the tip to a new location (i.e., top of page, bottom of page, start and stop scanning) will be interpolated to the new location in single DAQ step increments, at the imaging scan rate defined by the user.
The approach algorithm is designed to ensure that the tips are not damaged during approach. During the extension of the piezo, the feedback signal is closely monitored for a change (signaling the location of the surface). If a change occurs, the approach algorithm is stopped and the control of the Z piezo is passed to the PID algorithm. If the surface is not located, then the piezo is retracted and the stepper motor is instructed to take a step toward the surface. A delay is used after the step instruction to allow for motor settling time. This process is repeated until the surface is located. During run-time, the rates for piezo extension and retraction and stepper motor delay time and number of steps are changeable by the user.
TOPOGRAPHIC AND OPTICAL IMAGING
The versatility of the system makes it useful as an SFM, a confocal scanning optical microscope, or a near-field system. The presented system design utilizes an external closed loop (100 × 100 μm 2 ) scan bed (Physik Instrumente P733.2CL), in order to achieve very high precision and accuracy in positioning. The ability of the microscope to delicately scan a sample in a non-contact shear force mode without damaging the tip or sample is demonstrated by the sharp tungsten tip in Figure 9 that shows a closed-loop scanned topographic and phase feedback image of platinum coated silicon pits (calibration grid) with a 1.0 × 1.0 μm 2 periodicity and a scan rate of 0.3 Hz. The ability to scan the sample allows for optical imaging since an objective is present under the sample and designed primarily for epi-illumination and collection, thereby allowing for the optical scanning in many different modes with high precision.
The optical setup of the microscope can be adapted to accommodate many forms of optical imaging, including basic reflection, transmission, fluorescence, Kerr, Raman, or other modes. The point-scanning reflection mode functionality of the microscope is demonstrated in Figure 10 , which shows a magnetic glass sample (Metglas 2065SA1). The image was taken at a scan speed of 1.0 Hz using 488 nm at 110 μW illumination from an argon ion laser. The difference in Z height can be seen in the apparent depth of field on the image. This image was taken with a high light level avalanche photodiode (APD) (Thorlabs APD110A), as opposed to a high sensitivity single photon level APD. Although the APD allowed for very low light level imaging, a photomultiplier tube or even sili- con photodiode would suffice. The physical arrangement was similar to the Kerr optical setup as described below, with the use of just one APD.
The flexibility of the instrument is further demonstrated by adaptation to a polarization based imaging mode using the magneto-optic Kerr effect. Figure 11 outlines the optical pathway employed for Kerr imaging. A beamsplitter (Thorlabs CM1-PBS251) separates the reflected light into its s and p components, which are collected separately by APDs (Thorlabs APD110A). The polarization of the incident light is set such that, in the absence of Kerr effect induced rotation, the s and p channels are equal in intensity. The difference signal between s and p is the result of the Kerr rotation and an indication of the level and direction of magnetization of the surface. This method was used to image (Objective Nikon M-Plan 100 #323887) a magneto-optic data disk, as seen in SPQM-AQR-14-FC) using an objective lens (Olympus 1.4 NA, 60×), dichroic filter (Chroma 725dcspxr), excitation filter (RG-750), and emission filters (Chroma ET750sp-2p8). The acquisition time per image is about 5 min, with the vertical axis represented by 512 pixels. The near-field image demonstrates the slow thermal drift of the microscope, represented by the intensity of the image fading towards the top. The near-field image demonstrates fluorescence quenching effects by the imaging probe; this is further demonstrated in the line analysis of the image by lowering the background level next to the optical peaks from the clusters. The custom imaging probe geometry creates the artifacts seen in the topographic image as well. A line analysis of the topographic image shows a vertical rms noise limit of the microscope at 0.6 nm.
CONCLUSION
Continued development of the reconfigurable system with added functionality is currently under way in the author's laboratory. As a shear force microscopy tool, the addition of electric field and magnetic field imaging would add to the system's versatility. A fiber-based design and simplification of the current scan head to allow for non-transmissive samples will also be investigated for more versatile near-field imaging. Raman spectroscopy capabilities that include the integration of an intensified CCD camera with a high-resolution monochromator will allow for spectral imaging of multiple Raman lines, simultaneously. This will eliminate the need for multiple Raman notch filters, making the system more versatile. Additional implementation of the field enhancement technique will have the added benefit of amplifying the weak Raman spectral response. Ultimately, developing the microscope into a user-friendly Raman imaging system will promote the longevity of the design. Design updates are being investigated to remove the laser and mirror components from the scan head and simplify the number of cuts necessary. A future design will also include a four point illumination with LEDs to provide a cross pattern that would intersect when the tip reaches the surface. Transferring the CCD from the scan head to a holder on the base of the microscope is also being investigated.
So far, a reflection mode confocal microscope, polarization based microscope (Kerr), and tip enhanced near-field optical fluorescence microscope have been successfully completed as different forms of this microscope design. The versatility allows for high-resolution topographic imaging, single molecule sensitive far-field imaging, and high-resolution fluorescence imaging. By developing the system in a standard programming environment with commercially supported, offthe-shelf components and simplified usability, the system can be easily recreated This versatility was the original motivation for the system design, and should spark interest in the scientific community in adding technical improvements to the existing design as an open-source concept. More information about the project, relevant documentation, and software are available at our ANSOM Project website. 46 
